Tuning the Fano resonance between localized and propagating surface plasmon 
resonances for refractive index sensing applications 
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Localized and propagating surface plasmon resonances are known to show very pronounced 
interactions if they are simultaneously excited in the same nanostructure. Here we study the 
fano interference that occurs between localized (LSPR) and propagating (SPP) modes by means 
of phase sensitive spectroscopic ellipsometry. The sample structures consist of periodic gratings 
of gold nanodisks on top of a continuous gold layer and a thin dielectric spacer, in which the 
structural dimensions were tuned in such a way that the dipolar LSPR mode and the propagating 
SPP modes are excited in the same spectral region. We observe pronounced anti-crossing and 
strongly asymmetric line shapes when both modes move to each others vicinity, accompagnied of 
largely increased phase differences between the respective plasmon resonances. Moreover we show 
that the anti-crossing can be exploited to increase the refractive index sensitivity of the localized 
modes dramatically, which result in largely increased values for the Figure-Of-Merit which reaches 
values between 24 and 58 for the respective plasmon modes. 
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Surface plasmon resonances have been widely studied 
over the last decades for different biological and chemical 
sensing applications pj. Both propagating Surface 
Plasmon Polaritons (SPPs) and Localized Surface 
Plasmon Resonances (LSPRs) exhibit very interesting 
properties for sensing applications 0, 9 due to their 
high degree of tunability and their susceptibility to the 
dielectric properties of the surrounding environment. 
Moreover, the dimensions of many structures that 
support (localized) plasmon resonances are very similar 
to the scales of (biological) molecules, which makes 
them an ideal interface medium. The most widely 
studied applications include Surface Enhanced Raman 
Scattering (SERS) 0, Q and Refractive Index (RI) 
sensing [l], 0, ID, Q. In the field of refractive index 
sensing many research group have focussed on plasmon 
line shape tuning in order to narrow down the line 
widths, which results in a higher Figure-Of-Merit (FOM 
= (dX/dn)/ fwhm), which makes it possible to reach 
lower detection limits. One path to reach this goal is 
to look at Fano interference between different plasmonic 
modes which has been applied succesfully for 

refractive index sensing applications [Hl4ll| . It was 
also shown before that measuring the phase instead of 
the amplitude of SPPs 0, E3 and LSPRs 0, [H 
significantly reduces the line widths of the plasmon 
modes with up to 2 and 1 order of magnitude respectively. 
It is also well established that periodic arrays of localized 
plasmon resonators show strong coupling effects, which 
also allows to tune their resonance line width and position 



[6j . If periodic arrays of localized plasmon resonators are 
positioned in the vicinity of a metal layer that supports 
propagating SPP modes then these modes tend to show 
pronounced coupling to the propagating modes and anti- 
crossing behavior between LSPR and SPP modes is 
observed 



'Corresponding author: 
t Corresponding author: 



lodeOkristofiodewij ks. be 



pol.vandorpe@imec.be 



In this work, we investigate the interaction between 
LSPR and SPP modes by means of spectroscopic 
ellipsometry. We observe strong Fano interference 
between both types of plasmon modes, which is reflected 
in highly asymmetric line shapes and a pronounced 
increase of the phase difference between the different 
plasmon modes. We show how this interference can be 
exploited to increase the refractive index sensitivity of the 
LSPR mode by controlling its spectral position through 
the SPP mode. By measuring the phase instead of the 
amplitudes of the resonances, we manage to reduce the 
line widths of the plasmonic modes significantly, resulting 
in extremely high values for the sensing FOM. The 
investigated sample structures are illustrated in figure 
1 (panel a and b) and consist of a periodic array 
of gold nanodisks on top of a 50 nm silica spacer 
layer and a continuous gold layer. The pitch in both 
directions is fixed at 400 nm, while the diameter of the 
gold nanodisks is 100 and 140 nm. The periodicity 
of the sample structures offers two key advantages: 
(1) The line width of the LSPR modes is reduced 
as the effects of inhomogeneous broadening are largely 
suppressed and the coupling between the neighboring 
particles is identical for all nanostructures; (2) The array 
of nanoparticles act as a grating structure which allows 
for very efficient excitation of propagating SPP modes 
on the gold layer below. The diameter of the gold 
disks was chosen to obtain overlap between the spectral 
positions of the SPP and LSPR modes, such that their 
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interactions could be investigated. We performed angle- 
and polarization dependent spectroscopic ellipsometry 
measurements [23j in reflection mode in order to obtain 
access to both phase and amplitude of the SPP and LSPR 
modes [ijlQjlj which allows us to study their interactions 
in more detail. To do so, the polarization of the incident 
wave is modulated between P- and S-polarization and 
the phase information is extracted by performing lock- 
in measurements at the modulation frequency. The 
measured quantities tan(^) and cos(A) are related by 
the main equation of ellipsometry: 



Rp 

p =—— = tan( , 5) exp(iA) 
Rs 

= tan(*)(cos(A) + i sin(A)) 



(1) 



and represent the amplitude reflection ratio between 
P and S (tan(\l/)) and the phase difference between the 
reflected signals A for the 2 polarizations (reflected in 
the cos(A) value). 

The gold nanodisks were fabricated by conventional 
e-beam lithography (EBL) on PMMA resist and 
subsequent evaporation of gold nanodisks. After the 
sample fabrication a short annealing step was applied 
in order to reduce the damping of the plasmon modes 
[2^ | (more details on sample fabrication in supporting 
information SI). The electromagnetic angle- and 
polarization dependent response of the samples was 
modelled in the RF module of COMSOL Multiphysics 
25] for one unit cell (wired box in figure 1 a) using 
periodic Bloch boundary conditions. In that way both 
the amplitude and the phase of the reflected waves could 
be extracted by averaging the complex fields of the 
reflected waves over one unit cell. 

Panels c and d of figure 1 show the measured and 
simulated reflection spectra at an angle of incidence of 
45° for the 100 and 140 nm disk samples respectively. 
For both samples we observe a pronounced LSPR mode 
in both polarization states and a propagating SPP mode 
for the P-polarization. For 100 nm disks (panel c) in 
P-polarization the LSPR mode is observed at shorter 
wavelengths than the SPP mode, while both of them 
are spectrally well separated. They show little or no 
interaction, and as a result their line shape is highly 
symmetric. For the 140 nm disks (panel d) the SPP 
mode is observed at shorter wavelengths than the LSPR 
mode and they show more spectral overlap. Therefore, 
these modes tend to interact more pronounced, resulting 
in asymmetric Fano line shapes. In a next step 
we investigated the angle dependence of the different 
plasmon modes and their interactions. Figure 2 shows 
an overview of the measured and simulated angle- and 
polarization dependent reflection spectra for 100 nm 
disks in air. 

For P-polarized waves (panels a and b) the LSPR 
mode is observed around 620 nm for small angles of 
incidence and shows a minor red shift up to 650 nm 
as the incident angle is increased. The SPP mode is 
observed at longer wavelengths and shows a pronounced 
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FIG. 1: (a) Schematic overview of the periodic nanodisk 
samples. The pitch is 400 nm in both directions and the 
disk diameter is fixed at 100 nm and 140 nm. The red wire 
box indicates the unit cell used in simulations, (b) Scanning 
Electron Microscope picture of one of the nanodisk samples, 
(c) and (d) Measured (full lines) and simulated (dahsed lines) 
reflection spectra for 100 nm and 140 nm disks respectively 
at an incident anlge of 45° in P- and S-polarization. Note 
that in both cases an SPP grating mode is excited for P- 
polarized light and the dipole LSPR modes are excited for 
both polarization states. For 100 nm case the SPP and LSPR 
mode in P-polarization show little or no interaction, while in 
the 140 nm case the interaction of the modes results in an 
asymmetric line shape. 
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FIG. 2: Intensity plots for angle dependent reflection 
measurements and simulations on 100 nm disks in air. (a) 
Measured spectra for P-polarization. (b) Simulated spectra 
for P-polarization. (c) Measured spectra for S-polarization. 
(d) Simulated spectra for S-polarization. In P-polarization 
we clearly observe the -1 diffracted SPP mode that shows 
little or no interaction with the dipolar LSPR mode, while in 
S-polarization we only observe the dipolar LSPR mode. 
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FIG. 3: Intensity plots for angle dependent reflection 
measurements and simulations on 140 nm disks in air. (a) 
Measured spectra for P-polarization. (b) Simulated spectra 
for P-polarization. (c) Measured spectra for S-polarization. 
(d) Simulated spectra for S-polarization. In P-polarization 
we clearly observe the -1 diffracted SPP mode that strongly 
interacts with the dipolar LSPR mode for large angles of 
incidence, while in S-polarization we only observe the dipolar 
LSPR mode. 



red shift from about 700 nm to 800 nm as the incident 
angle is increased. Therefore at small angles of incidence 
we observe a minor interaction between the LSPR and 
SPP mode, resulting in slightly asymmetric line shapes. 
As the grating SPP mode shifts to longer wavelengths, 
the interaction between both modes is reduced when the 
incident angle increases. The observed grating mode is 
the v = — 1 diffracted order which can be described by 
the grating formula 



kosin9 ± v- 



2tt 



(2) 



in which kg is the incident wave vector, 9 the incident 
angle and v the diffracted order. The spectral shift 
with increasing incident angle can easily be understood 
from the dispersion relationship of the SPP mode, as 
illustrated in the supporting information (S2). The v — 
+1 diffracted order is not observed in our experimental 
spectra, as it is expected to be observed at higher 
energies where the reflection spectra are dominated by 
absorption due to interband transitions in the gold. For 
this mode a blue shift with increasing angle of incidence 
is expected, which could be observed for larger grating 
pitches. For S-polarized waves we only observe the LSPR 
mode which shows a minor red shift with increasing 
incident angles. For 140 nm disk samples we observe 
a quite different behavior both in measurements and 
simulations, as depicted in the spectral plots in figure 
3. 

For P-polarized waves the spectral position of the 
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FIG. 4: Intensity plots for angle dependent reflection 
measurements on 140 nm disks in water. (a) Measured 
spectra for P-polarization. (b) Measured spectra for S- 
polarization. The spectral positions of the resonances 
for P-polarization have been switched compared to the 
measurements in air and now clear anti-crossing behavior 
is observed at small angles of incidence. (c) and (d) 
Spectroscopic ellipsometry measurements in air and water 
showing the amplitude reflection ratio tan(*I/) and the phase 
difference cos (A) between P- and S-polarized reflected waves 
for an angle of incidens of 30°. Clearly in water there is 
pronounced interaction between the SPP and LSPR-mode in 
P-polarization, resulting in a large increase of the observed 
phase differences. 



LSPR and SPP modes are switched with respect to 
the 100 nm disks, which modifies their interaction 
substantially. The v = —1 SPP mode is observed 
at shorter wavelengths than the LSPR mode and it 
shows the expected red shift with increasing angles. For 
large angles of incidence, the SPP mode shifts closer 
to the LSPR mode, which start to interact strongly. 
The two modes show pronounced anti-crossing behavior, 
which causes the SPP mode to push the LSPR mode 
to higher wavelengths. The interaction results in highly 
asymmetric Fano line shapes for both plasmon modes, 
where we see the spectral line width increase for the 
SPP mode and decrease for the LSPR mode. The LSPR 
for S-polarized excitation is red shifted compared to the 
100 nm disk case and also shows a very minor red shift 
with increasing angle of incidence. In the next step 
towards refractive index sensing, we measured the angle 
dependent reflection spectra of these 140 nm disk samples 
in water and performed phase sensitive spectroscopic 
ellipsometry measurements at an incident angle of 30°, 
as presented in figure 4. 

The amplitude based reflection spectra in water are 
shown for P- and S-polarized waves in panels a and 
b respectively. Compared to the measurements in air 
(figure 3) in P-polarization, we see that the spectral 
positions of the LSPR and SPP mode have switched. 
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This can be attributed to fact that the decay length for 
SPPs is much longer than for LSPR modes [2(| , resulting 
in a larger bulk sensitivity to the refractive index of the 
surroundings. Therefore, the SPP mode shifts beyond 
the LSPR mode, and we see that in this case both 
modes interact strongly for small angles of incidence, 
where the SPP mode pushes the LSPR mode to shorter 
wavelengths (even to shorter wavelengths than for the 
measurements in air). Panels c and d show the phase- 
sensitive spectroscopic ellipsometry data for the same 
sample measured in air and water at an angle of incidence 
of 30°. The amplitude reflection ratio tanVP shows dips 
for the localized (P) and propagating (SPP) plasmon 
modes in P-polarization and a peak for the LSPR in S- 
polarization (S), while the phase difference A between 
P- and S-polarized waves is reflected in the cosA value. 
Similar to our earlier work on randomly distributed 
nanoparticles [l8[ we observe a phase difference at the 
center frequency of the different plasmon modes with a 
much smaller spectral footprint than for the intensity 
based measurements. As the effects of inhomogeneous 
broadening are largely suppressed in our periodic arrays, 
the spectral footprint of the plasmon resonances is 
significantly decreased down to 5, 7 and 9 nm for the 
SPP, P-LSPR and S-LSPR respectively. We observe a 
very pronounced distinction between the measurements 
in air and water where the SPP and LSPR modes for 
the P-polarization show weak and strong interaction 
respectively. For the measurements in water, where the 
SPP and LSPR modes show strong Fano-interference 
and anti-crossing behavior, a pronounced increase in the 
phase difference is observed for all 3 plasmon modes 
involved. Additional spectroscopic ellipsometry data for 
100 and 130 nm disks in air and water respectively are 
provided in the supporting information (S4 and S5), 
where a pronounced increase of the phase differences is 
observed as the SPP and LSPR modes show pronounced 
Fano interference. It is exactly in this region of 
strong interaction that we performed refractive index 
sensing measurements, taking beniht both of the strong 
reduction in line widths and the Fano interference 
between the LSPR and SPP modes. 

An overview of the ellipsometry based refractive index 
sensing data is presented in figure 5 and table 1. The 
samples were mounted in a flow cell and different 
concentrations of glycerol in water were pumped through 
in order to investigate the RI sensitivity of the different 
plasmonic modes. 

As expected, we observe a pronounced but different 
red shift for all the plasmon resonances with increasing 
values of the refractive index. 



For the non-interacting S-LSPR we observe a 
sensitivity comparable to the one obtained for randomly 
distributed gold nanoparticles [llj], as we would expect. 
In P-polarization however, we observe quite some 
interesting and unexpected results. For both plasmon 
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FIG. 5: Refractive index sensing measurements for different 
concentrations of glycerol in water with an incident angle 
of 30°. Measured tan^ (a) and cos A (b) data for 140nm 
nanodisk samples. 



TABLE I: Comparison of the sensitivities and FOMs for 
refractive index sensing measurement at an incidence angle 
of 30°. 



Mode 


P 


S 


SPP 


dX/dn (nm/RIU) 


375 


218 


291 


FWHM (nm) 


7 


9 


5 


FOM 


54 


24 


58 



modes, the sensititivity is much higher than for the S- 
polarized case, which can be attributed to the Fano 
interference between the SPP and the LSPR mode. 
As illustrated in figure 4, the SPP mode is observed 
at longer wavelenths than the LSPR mode, and the 
interaction between the modes pushes the LSPR to 
shorter wavelenths than its resonance position in air. 
When the refractive index of the surroundings is 
increased, the SPP mode shifts to longer wavelengths 
and thus it clears spectral space for the LSPR mode, 
allowing it to also shift closer to its natural resonance 
position. Therefore we observe a much larger sensitivity 
for the P-LSPR in the periodic array than for random 
nanoparticle distributions (almost 2 times larger). This 
type of Fano-interference can therefore also be exploited 
to boost the refractive index sensitivity of LSPR modes. 
If we compare the performance of the periodic samples 
with randomly distributed nanoparticles, we observed 3 
different factors that contribute to a large enhancement 
of the FOM for RI sensing. First of all, the effects of 
inhomogeneous broadening are largely reduced, resulting 
in severe line width reduction in the intensity based 
measurements. Secondly, by measuring the phase next 
to the amplitude of the resonances in spectroscopic 
ellipsometry, an additional reduction of the line width 
is obtained. Thirdly, the combination with the enhanced 
RI sensitivity due to the interference of SPP and LSPR 
modes in P-polarization results in largely enhanced 
values of the FOM, which reaches values as high as 
54, 24 and 58 for the P-LSPR, S-LSPR and SPP mode 
respectively. 

Surprisingly, the sensitivity for the P-LSPR mode 
turns out to be higher than the one for the SPP mode 
and even twice as large as the sensitivity for the S- 
LSPR. If we compare the sensitivity with the values 
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obtained for randomly distributed nanoparticles [18| , 
this turns out to be a very unusual result. We would 
expect the sensitivity of the two LSPR modes to be 
similar to the ones for the random particles, but we 
only observe this for the S-LSPR. Moreover we would 
expect that the sensitivity of the SPP mode would 
be the largest, as the decay length for a propagating 
mode is much longer than for a localized mode. In 
fact, the sensitivity for the SPP mode would be much 
larger than the one for the P-LSPR if the two modes 
wouldn't show any pronounced coupling. If we compare 
the spectra in air and water, we notice that the SPP- 
mode shifted beyond the P-LSPR mode in water, which 
already indicates that the SPP mode shows a higher 
sensitivity to the refractive index. On top of that, for 
the measurements in water (figure 4 a) we observe anti- 
crossing behavior between the P-LSPR and SPP mode, 
which causes the P-LSPR to be blue shifted with respect 
to its spectral position in air (figure 3 a). When the 
refractive index of the surroundings is increased, the SPP 
mode shifts to longer wavelengths and thus away from 
the P-LSPR mode, allowing this one to also shift closer 
to its natural resonance position. Therefore we observe 
a much larger sensitivity for the P-LSPR in the periodic 
array than for random nanoparticle distributions. This 
type of Fano-interference can therefore also be exploited 
to boost the refractive index sensitivity of LSPR modes. 
If we compare the performance of the periodic samples 
with randomly distributed nanoparticles, we observed 3 
different factors that contribute to a large enhancement 
of the FOM for RI sensing. First of all, the effects of 
inhomogeneous broadening are largely reduced, resulting 
in severe line width reduction in the intensity based 
measurements. Secondly, by measuring the phase next 
to the amplitude of the resonances in spectroscopic 
ellipsomctry, an additional reduction of the line width 



is obtained. Thirdly, the combination with the enhanced 
RI sensitivity due to the interference of SPP and LSPR 
modes in P-polarization results in largely enhanced 
values of the FOM, which reaches values as high as 
54, 24 and 58 for the P-LSPR, S-LSPR and SPP mode 
respectively. 

To summarize, we have shown that the interaction 
between localized and propagating plasmon resonances 
in periodic arrays of gold nanoparticles on top of a silica 
spacer and a continuous gold layer can be used to tune 
the refractive index sensing performance of the LSPR. 
By adjusting the size of the nanoparticles and the pitch 
it is possible to tailor the optical response in such a way 
that the localized and propagating modes can be excited 
in a small spectral window. The Fano-interference 
between these 2 modes results in more pronounced phase 
differences with reduced line widths, making them very 
useful for refractive index sensing applications. The 
sensitivity of the LSPR can be enhanced when it interacts 
with the SPP mode and can reach values which are twice 
as large as those for the non-interacting mode. The 
resulting line widths range between 5 and 10 nm and 
the FOM values reach values in between 24 and 58 for 
the different plasmon modes. 

Supporting information: Additional information 
on sample fabrication, coupling to SPP grating modes, 
comparison between randomly distributed and periodic 
arrays of nanodisks and additional optical spectra for 
different nanodisk sizes. This material is available free 
of charge via the Internet at |http: / / pubs . acs . org 
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